Renal failure commonly complicates multiple myeloma (MM) and is associated with reduced survival. It is not clear whether auto-SCT results in improved renal function or attainment of independence from dialysis in patients with advanced renal impairment due to MM. We conducted a retrospective cohort study of all patients who underwent auto-SCT for MM complicated by advanced renal failure at our institution over a 10-year period (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010). We aimed to assess the association between auto-SCT and renal outcome in patients with serum creatinine (SCr) over 3 mg/dL, attributable to MM, including those who were dialysis dependent. Thirty patients (2.8% of all auto-SCT patients) met inclusion criteria. Fourteen of 15 patients who were dialysis dependent before auto-SCT remained dialysis dependent in the long term despite hematological response (HR). Of the remaining 15 patients with SCr 43 mg/dL, an improvement in glomerular filtration rate (GFR) from 15 to 19.4 mL/min/1.73 m 2 was noted post auto-SCT (P ¼ 0.035); however, neither HR post auto-SCT or pre-existing renal function were independently associated with renal outcome. Auto-SCT was not associated with independence from dialysis in patients with renal failure due to MM at our institution. Although auto-SCT was associated with an improvement in GFR in patients with SCr 43 mg/dL, this improvement was not related to HR.
INTRODUCTION
Renal impairment is a common complication of multiple myeloma (MM) at presentation and is associated with a higher early mortality and reduced OS.
1,2 Blade et al. 3 reported that early recovery of renal function in MM is associated with improved survival. MM cast nephropathy is the pathology most often associated with severe renal impairment in these patients. The prevalence of renal failure at presentation of MM seen throughout the literature is of the order of 20-30%. 3, 4 Approximately 8% of all patients with MM will require long-term dialysis, 3, [5] [6] [7] [8] and dialysisdependent renal failure is itself an independent poor prognostic factor for survival. 7 Auto-SCT following high-dose chemotherapy has been established as optimal therapy for patients with MM. 9, 10 The introduction of novel agents to the transplant sequence has resulted in an unprecedented increase in PFS in recent years. Coupled to this success is the increased focus on individually tailored therapies for MM patients. For patients with advanced renal disease, freedom from dialysis is an important goal of therapy. Patients with milder degrees of renal impairment may avoid dialysis altogether, and the associated increased mortality, if an improvement in renal function can be attained with auto-SCT. The current literature pertaining to renal recovery following auto-SCT is conflicting. Some studies have shown an improvement in renal function of up to 32-34%. 11, 12 However, in patients receiving renal replacement therapy at the time of transplant, only 5-14% regain independence from dialysis following initial auto-SCT for MM. 13, 14 Despite a high rate of partial (PR) and complete (CR) hematological response (HR) of MM in these studies conducted in the novel agent era, renal recovery was poor.
The question of renal response following auto-SCT is important for patients and clinicians, as they consider goals of therapy, particularly for dialysis-dependent patients. To address this question, we reviewed our experience in a retrospective cohort study using electronic medical records and renal biopsy data from all patients undergoing auto-SCT for MM from 2000 to 2010 at Mayo Clinic, Rochester, MN, USA.
MATERIALS AND METHODS
We reviewed the records of all patients who underwent auto-SCT for MM at Mayo Clinic, Rochester from 01/2000 to 01/2010. We selected, from the entire cohort, all patients who had advanced renal impairment defined as a serum creatinine (SCr) 43 mg/dL, or who were dialysis dependent at the time of transplantation. Although other studies have selected a cutoff of 2 mg/dL, we chose this higher level of SCr to select patients who were close to needing dialysis at the time of auto-SCT, for whom attainment of a renal response was critical. All patients with end-stage kidney disease or chronic kidney disease not related to the development of MM were excluded. Patients who had developed acute renal failure in the days before auto-SCT were also excluded. Clinical information for all patients was captured prospectively in a continuously updated database. Follow-up data were available until the time of death or the time of analysis on all patients. No patients were lost to follow-up. All patients provided written informed consent prospectively for use of their medical records and access to renal biopsy data. Approval was obtained for the study from the Mayo Clinic Institutional Review Board in accordance with federal regulations and the Declaration of Helsinki. Baseline demographics were recorded for all patients. The SCr level used in our analysis was the value measured immediately before auto-SCT. We chose this value in order to isolate the effect of auto-SCT on renal function from that of upfront therapy. In addition, creatinine clearance or iothalamate clearance (mL/min/1.73 m 2 ) was measured in all patients who were not anuric immediately before auto-SCT. The cause of kidney disease was recorded as found at renal biopsy report. The stage of MM at the time of auto-SCT was defined using Durie-Salmon criteria. 3 Post auto-SCT SCr was measured between 1 and 3 months to assess the immediate effect of auto-SCT on renal function. Long-term renal and hematological outcome data were also collected for all patients until time of analysis or death. Estimated glomerular filtration rate (eGFR) was calculated using the modification of diet in renal disease (MDRD) equation. 15 The International Myeloma Working Group Uniform Response Criteria for Multiple Myeloma were used to assess response to auto-SCT in all patients. 5 All interval complications were noted, including acute kidney injury, sepsis, mucositis, diarrhea and the need for dialysis in the post transplant follow-up period.
Statistical methods
The minimally important difference in outcome following auto-SCT considered to be clinically significant was avoidance of dialysis for patients with advanced renal impairment and freedom from dialysis for those already requiring it before auto-SCT. Descriptive statistics were carried out using SPSS (SPSS Inc., Chicago, IL, USA). For non-parametric analysis of paired samples, we used the Wilcoxon signed-rank test and for unpaired sample data, we used the Mann-Whitney U-test. Parametric analysis for paired samples was carried out using the paired samples t-test. Univariate analysis was carried out to determine any association between explanatory variables and renal function following auto-SCT. Survival probability curves were constructed using the Kaplan-Meier method, and survival was compared using the log-rank test.
RESULTS

Baseline characteristics
Out of 1074 patients, 30 patients (2.8%) had a SCr level over 3 mg/dL or were dialysis dependent before auto-SCT for MM. Characteristics of the group are shown in Table 1 . The median age was 61 years (range 37-72), 18 patients (60%) were male. The median eGFR of the entire group before SCT was 12 mL/min/ 1.73 m 2 and, following auto-SCT, the median eGFR was higher at 13.1 mL/min/1.73 m 2 . Before undergoing auto-SCT, eight (26.6%) patients had achieved a PR and a further five patients (16.7%) had achieved a very good partial response, 11 (36.6%) patients had stable disease and four (13.3%) patients had relapsed MM. One patient who was dialysis dependent had achieved a CR. Nineteen (63.3%) patients were Durie-Salmon stage 3(b). Twenty-nine patients (96.6%) received conditioning with melphalan 140 mg/m 2 with one patient receiving melphalan 120 mg/m 2 . All patients had either one or two chemotherapy regimens before auto-SCT, with one patient having three prior regimens. The cause of renal disease was cast nephropathy seen on renal biopsy in 18/30 patients (60%). Direct plasma cell infiltration was the cause of renal disease in one patient. Acute tubular necrosis was noted on biopsy in seven patients either alone or in association with cast nephropathy. One patient had renal failure attributed to platinum toxicity, and three patients related to non-steroidal use in combination with cast nephropathy. At the time of follow-up, 16 patients were alive. Of the 30 selected patients, 26 (86.7%) had a HR according to International Myeloma Working Group criteria in response to auto-SCT, with CR achieved for 12 patients (40%). One patient in the low-clearance group died in the stemcell mobilization period because of sepsis. There were no early deaths in the group of patients who were dialysis dependent before auto-SCT.
Dialysis-dependent group
Fifteen patients were dialysis dependent at the time of transplantation. All of these patients, except one, were undergoing dialysis three times per week. The median eGFR of the eleven patients who had their creatinine clearance measured before auto-SCT was 8 mL/min/1.73 m 2 (range 7-14). Six patients had their creatinine clearance measured following auto-SCT with a median of 11 mL/min/1.73 m 2 (range [8] [9] [10] [11] [12] [13] [14] . One of these patients had an improvement in creatinine clearance from 12 to 18 mL/min of eGFR, but attempts to stop dialysis were unsuccessful. The difference in eGFR of 3 mL/min/1.73 m 2 was not statistically significant (P ¼ 0.06). The patients who did not have a SCr clearance measured were either anuric or were not clinically expected to have improved renal function based on dialysis parameters. Low-clearance group Fifteen patients were found to have low creatinine clearance; creatinine 43 g/dL, but were not dialysis dependent at the time of transplantation. Baseline characteristics for this group are shown in Table 1 and were comparable to that of the dialysis-dependent group. The median age was 61 years (range 37-71). The median eGFR before harvest was 15 mL/min/1.72 m 2 (range 11.7-16.9) and post transplant median eGFR was19.4 mL/min/1.73 m 2 (range 13.1-24.4). The improvement in eGFR was statistically significant (P ¼ 0.035) (Figure 1 ). Only one patient required hemodialysis during the peri-transplant period (day 0-100) This patient's renal function returned to baseline 17 days post auto-SCT and dialysis was not required in the long term.
Predictors of renal recovery
When classifying the entire group of 30 patients based on response status, the median eGFR before auto-SCT for those who did not go on to achieve a CR was 13.2 mL/min/1.73 m 2 . Those who did achieve a CR (n ¼ 12) following auto-SCT had a higher median pre-transplant eGFR of 17.5 mL/min/1.73 m 2 . Following auto-SCT, the median eGFR for the patients who did not achieve a CR was 13.5 mL/min/1.73 m 2 and for those who did achieve a CR, the median eGFR was 23.9 mL/min/1.73 m 2 , Figure 2b . This improvement in eGFR based on response status was not statistically significant for either group (P ¼ 0.52). Importantly, in univariate logistic regression analysis, reponse status was not independently associated with an improvement in eGFR regardless of whether patients were dialysis dependent before auto-SCT. Furthermore, considering the entire group of 30 patients, on univariate analysis, improvement in eGFR was not independently associated with age at auto-SCT, renal function before auto-SCT or time from MM diagnosis to transplant ( Table 2 ).
Long-term follow-up Although initial assessment of renal response was made in the first 3 months following auto-SCT, all patients were followed for renal and hematological outcomes over the 10-year study period. During long-term follow-up of the low-clearance group, four patients progressed to end-stage kidney disease following auto-SCT and became dialysis dependent. One of these patients had achieved a CR following auto-SCT, the remaining three patients achieved at least a PR.
Of the 15 dialysis-dependent patients, one patient became dialysis independent following auto-SCT. This patient's renal function had been improving before auto-SCT with an iothalomate clearance of 19 mL/min of eGFR. This patient became independent of hemodialysis 17 days after transplantation. This observation was not coincident, at that time, with HR or reduction in plasma or urine paraprotein levels, and iothalamate clearance was unchanged after transplant at 20 mL/min of eGFR; however, this patient did go on to achieve a CR in the long term.
In terms of long-term survival, as expected, the OS of patients who were dialysis dependent at the time of auto-SCT was shorter than that of patients with low creatinine clearance at 29.3 versus 64.7 months, respectively; log-rank P ¼ 0.06 (Figure 3 ).
Treatment-related toxicity
The treatment-related complications in the immediate post transplant period are outlined in Table 3 . As previously noted, there was one death in the stem-cell mobilization period. The median time to neutrophil engraftment was 13 days and the median time to 50 000 platelets/mL platelets was 18 days. 
DISCUSSION
The superiority of high-dose chemotherapy followed by auto-SCT in MM has been established with a higher rate of CR and EFS. 10, 12 Renal failure is a common complication of MM at presentation and is seen in B20% of overall cases. 12, 16 When deciding on treatment options for these patients, the clinical and prognostic significance of various degrees of impairment of renal function require close attention. For those who have reached ESRD, regaining independence from renal replacement therapy is an extremely important goal. We aimed to address whether auto-SCT for MM was associated with an improvement in renal function or freedom from dialysis for patients with severe renal impairment secondary to this disease.
We found that auto-SCT is safe and efficacious in this challenging group of patients. High rates of HR are achieved and OS is quite respectable, especially in the low CrCl, dialysisindependent group. Unfortunately, there was little evidence of recovery of renal function in either group of patients. In our group of 30 patients with advanced renal impairment, only one patient was able to regain independence from renal replacement therapy after auto-SCT. The OS of the dialysis-dependent group was disappointing with a median of o3 years, this might be in part owing to the fact that the majority of these patients were transplanted before the modern era of proteasome inhibitors and immune modulator drugs. Our CR rate of 40% is similar to that seen in the literature for patients undergoing auto-SCT with MM and renal impairment. 1, 13 In contrast, it was quite encouraging that among the patients with low creatinine clearance, who were not dialysis dependent, none of them required long-term dialysis post auto-SCT. Only one patient required dialysis in the immediate post transplant period. This possibly reflects the fact that these patients are identified as being at risk, and therefore nephrotoxic insults were minimized and efforts to reverse renal impairment were emphasized. Unfortunately, over time 26.6% of the low CrCl patients progressed to ESRD, which was related in all cases to progression of light chain cast nephropathy in the context of progressive disease. Strengths of this study include the fact that our study population has a high case load of MM with a wide distribution of disease spectrum, making these results generalizable to other transplant populations. Our large cohort over 10 years is suitable to investigate the independent effect of auto-SCT on renal function, as the variability in treatment protocols and physician practices is minimal. The study of renal outcomes in MM is difficult because of the heterogeneous nature of MM-associated renal disease. This study contributes greatly to the paucity of data pertaining to the renal outcomes in MM patients post transplantation, particularly those with cast nephropathy and end-stage kidney disease who were well represented in this cohort.
Our study has certain limitations. The first is the use of SCr X3 mg/dL as our cutoff, which may have led to the selection of patients with more advanced kidney disease, which is less likely to be reversible and to respond to treatment. However, we were specifically interested in this group of patients who make up the majority of treatment-resistant MM-related renal disease and pose a specific challenge for clinicians.
SCr assays are known to be potentially affected by paraproteins that can spuriously elevate the SCr, which means that eGFR calculated using SCr could potentially underestimate actual eGFR in those with a large paraprotein. Therefore, we measured creatinine clearance or iothalamate clearance when possible, which are more reliable markers of eGFR.
In conclusion, we identified all patients who had advanced renal impairment or who were dialysis dependent at the time of auto-SCT for MM at our institution over a 10-year period. Previous studies have reported that auto-SCT has a favorable impact on renal outcome in MM. According to our data, there is no clinically significant benefit in terms of renal outcome with auto-SCT in MM. There is also no evidence from this study that auto-SCT retards the progression of severe renal impairment in MM with a 26.6% progression to ESRD in the long term despite high levels of HR. We have found that auto-SCT does not lead to deterioration in renal function in these patients and should be considered safe and efficacious in patients with advanced renal impairment. This highlights the importance of early intervention in these patients using effective therapies such as bortezomib in order to reverse renal damage before auto-SCT is reached. 17, 18 Auto-SCT is not precluded in patients who are dialysis dependent or have advanced renal impairment secondary to MM, however, it is important that these patients are carefully counseled. We propose caution in advising patients before auto-SCT that there is likely to be an improvement in renal function. Outlining realistic goals with patients is important with particular reference to dialysis, which has major quality of life implications for patients. Further studies are needed to help identify risk factors for progression of renal disease in these patients and to optimize patient selection for auto-SCT.
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